The determination of nimodipine in the presence of its degradation products, formed through photolysis, acidic and alkaline hydrolysis, and the drug degradation kinetics under these conditions, was investigated through a validated liquid chromatography method. Separation was achieved using a Phenomenex Luna C18 column (250 3 4.6 mm i.d., 5 mm) with a mobile phase consisting of acetonitrile -methanol -water (55:11:34, v/v/v), at 0.5 mL/min and with ultraviolet detection at 235 nm. The method was considered to be specific, accurate, precise, robust and linear over the concentration range of 5.0 to 35.0 mg/mL. The drug followed a first-order reaction for both hydrolysis and photolysis in methanol, and zero-order for photolysis in acetonitrile and water. The calculated activation energies were 10.899 and 23.442 kcal/mol for alkaline and acidic hydrolysis, respectively. No degradation was observed under thermal and oxidative stress conditions.
Introduction
Nimodipine (NMP), chemically named 3-(2-methoxyethyl) 5-propan-2-yl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (Figure 1 ), is a dihydropyridine calcium channel blocker recommended for the improvement of neurological outcomes by reducing the incidence and severity of ischemic deficits in patients with subarachnoid hemorrhage (1) . This compound, currently marketed as tablets, oral solutions and intravenous infusions (1) , presents low bioavailability (only 13% in normal patients) and poor solubility in water, and is characterized as a Class II drug in the Biopharmaceutical Classification System (BCS) (2) .
Different methods for analytical determination of NMP have been described in the literature, such as voltammetry (3) , liquid chromatography (4-9), derivative spectrophotometry and gas chromatography, including the analysis of its photodegradation product (10) . However, there are few reports related to the stability studies of NMP using liquid chromatography (LC) methods (11, 12) . In these methods, the specificity and selectivity was verified only with pharmacopoeial impurities of the drug, and not with samples submitted to stress conditions. The International Conference on Harmonization (ICH) requires stress testing to elucidate the inherent stability characteristics of the active substance (13) . Kinetic data and accelerated stability experiments are useful tools to solve problems encountered in quality control and to predict the expiry dates of pharmaceutical products (14) . Through these studies, a wide variety of compounds with different polarities are obtained, and an ideal stability-indicating method is one that both quantifies the drug and resolves its degradation products (15) .
To that end, the purpose of the present study is to establish the effect of different stress conditions on the decomposition of NMP and to evaluate its degradation kinetics through a validated LC method.
Experimental
Chemical and reagents NMP was purchased from Pharma Nostra (batch 09041075B; Rio de Janeiro, Brazil). High-performance liquid chromatography (HPLC)-grade acetonitrile and methanol were obtained from J.T. Baker (Phillipsburg, NJ). All other chemicals used were pharmaceutical grade. During the analysis, ultrapure water was obtained using a Milli-Q Gradient System (Millipore, Bedford, MA).
Instrumentation and chromatographic conditions
The LC analyses were performed on a Shimadzu LC-10A system (Kyoto, Japan) equipped with an LC-10AD pump, DGU-14A degasser, SPD-10AV variable-wavelength detector (set at 235 nm) and an SCL-10AVP system controller unit. The experiments were conducted on a reversed-phase Phenomenex (Torrance, CA) Luna C18 column (250 Â 4.6 mm i.d., 5 mm). A security guard holder (C18, 4.0 Â 3.0 mm i.d.) was employed to protect the column. The mobile phase was isocratically composed of acetonitrile-methanol-water (55:11:34 v/v/v), with a flow rate of 0.5 mL/min, at 40.08C. The samples were filtered through a 0.45 mm membrane filter and a volume of 20 mL was injected. Data acquisition was performed using CLASS-VP software to measure the detected peaks.
Methods

Preparation of standard solutions
An amount of 25.0 mg of NMP was accurately weighed and transferred to an individual 25.0 mL volumetric amber flask, then diluted to volume with methanol to obtain a concentration of 1,000.0 mg/mL. The stock solutions were stored at room temperature and protected from light. Working standard solutions were prepared daily by diluting the stock solution to a concentration of 20 mg/mL with methanol -water (50:50, v/v). The solution was filtered through a 0.45 mm nylon membrane before injection.
Method validation
Validation was based on the requirements of the ICH guideline for validation of analytical procedures (13) . The analyzed parameters were specificity, linearity, range, limits of quantification and detection, accuracy, precision and robustness.
Specificity
The specificity of the method was determined through its suitability for NMP analysis in the presence of potential impurities under stress conditions. In this way, sample solutions of the drug (500.0 mg/mL) were submitted to accelerated degradation by acid, alkaline, oxidative, photolytic and thermal conditions. All samples were analyzed in duplicate.
Linearity and range
The calibration curves were obtained from seven concentration levels ranging from 5.0 to 35.0 mg/mL. Analyses were performed in triplicate and the regression lines were calculated by the method of the least square of peak area versus drug concentrations.
Limits of quantification and detection
The limits of detection (LOD) and quantification (LOQ) were estimated based on the standard deviation of the y-intercepts of regression analysis (s) and the slope (S), by Eqs. 1 and 2. The values of concentration obtained were further evaluated experimentally.
Precision
The precision of the method was determined by repeatability (intra-day) and intermediate precision (inter-day). The repeatability was evaluated by assaying six samples of the 100.0% standard concentration (20.0 mg/mL) during the same day and under the same experimental conditions. The intermediate precision was evaluated by assaying solutions on three different days. The analyses were performed in triplicate and expressed as percent relative standard deviation (RSD).
Accuracy
The accuracy was determined by comparison between the results of the drug content obtained through the proposed method and those of a second, well-characterized procedure (11) . Concentrations of 16.0, 20.0 and 24.0 mg/mL, which correspond to 80.0, 100.0 and 120.0% of the label claim, were analyzed in triplicate using both LC methods. The statistical analysis of the data was conducted through Student's t-test, in which significant results present a probability lower than 5% ( p 0.05 with a 95% confidence interval). The statistical evaluation of the results was performed in MS Excel software.
Robustness
The robustness of the method was evaluated against variations in wavelengh (234, 235 and 236 nm), oven temperature (35.0, 40.0 and 45.08C) and column trademark (Perkin Elmer Brownlee Analytical and Phenomenex Luna, both with 250 Â 4.6 mm i.d., 5 mm). Samples in these conditions were analyzed in triplicate.
Statistical analysis
The statistical analysis of the data was conducted through one-way analysis of variance (ANOVA), in which significant results presented a probability lower than 5% ( p 0.05 with a 95% confidence interval). The statistical evaluation of the results was performed in MS Excel software.
System suitability System suitability of the analytical method was performed to evaluate the resolution and reproducibility of the system. The analyzed parameters were peak area, retention time, theoretical plates, resolution and asymmetry between the NMP and degradation peaks. For peak area and retention time, the RSD should be lower than 5%. The peak asymmetry was considered acceptable for values between 0.75 and 1.15. The resolution and the theoretical plates should be higher than 1.5 and 2,000, respectively (13).
Kinetic studies
Sample preparation A sample solution (500.0 mg/mL) was submitted to accelerated degradation by acid, alkaline, oxidative, photolytic and thermal stress conditions to evaluate the interference of degradation products in the quantification of NMP. The samples were kept under stress conditions according to the specifications described for Singh and Bakshi (16) or until achieving at least 50% of degradation. At pre-determined intervals of time, aliquots were collected, diluted to a concentration of 20 mg/mL with methanol-water (50:50, v/v), filtered through a 0.45 mm nylon membrane and analyzed. The concentration of NMP solutions submitted to stress conditions was chosen to guarantee a complete solubilization of the drug in all degradation conditions. All samples were analyzed in duplicate.
Photodegradation
The photodegradation was performed by a UVC lamp at 254 nm (30 W), installed in a chamber internally coated with mirrors. NMP solutions in methanol, acetonitrile and water were placed in quartz cells at a distance of 10 cm from the light bank. The light system complied with Option 2 of the ICH guideline Q1B (17) . At any given time, ultraviolet (UV) energy was tested using a calibrated digital lux meter (Mimipa model MLM 1011). The temperature inside the chamber was controlled. Aliquots were collected during a period of 8 h.
Oxidative degradation
Oxidative stress was performed in NMP solutions diluted with 30% H 2 O 2 maintained at room temperature and protected from light. The sample was analyzed over seven days.
Thermal degradation
The thermal degradation was performed at 80 + 28C in a conventional oven (DeLeo 797). NMP solutions in acetonitrile were maintained in amber vials that were hermetically closed with stoppers. Aliquots of the sample were collected and analyzed over 24 h. 
Acidic and alkaline hydrolysis
Kinetic calculations
The degradation rate kinetics of NMP were determined by plotting the time versus the remaining concentration of the drug (zero-order process), log of the drug concentration (first-order process) and the reciprocal of the drug concentration (secondorder process). Correlation coefficients (r) were obtained and the best observed fit indicated the reaction order. The apparent order degradation rate constant (k), t 50% (time in which 50.0% of the drug remained) and t 90% (corresponding to the time required for 10% of drug degradation) were also obtained. The equations used to determine these parameters are shown in Table I , where C 0 is the concentration of the reactants at time zero, C is the concentration after reaction time t and k is the reaction rate constant. For acidic and alkaline hydrolysis, performed at different temperatures, the activation energy was determined by calculating the rate constant from Eq. 3:
where E a is the activation energy, T 1 and T 2 are the two temperatures in Kelvin, R is the gas constant, and k 1 and k 2 are the rate constants at the two temperatures in the analysis.
Results
The proposed stability-indicating LC method was successfully developed and the system suitability parameters are shown in Table II . These data confirm that the validated procedure is appropriate to determine NMP in the presence of its degradation products. The optimized conditions of the developed method were validated and the parameters of linearity, range, limits of quantification and detection, accuracy, robustness and specificity were analyzed.
The evaluation of the linearity demonstrates that NMP presented a linear correlation in the range of 5.0 to 35.0 mg/mL, with a correlation coefficient of . 0.999. The representative linear equation for NMP was y ¼ 119931x -30840, where x is concentration in mg/mL and y is the peak area in volts. The data were validated by means of ANOVA, which demonstrated significant linear regression ( p , 0.05) and no significant deviation from linearity ( p . 0.05). LOQ and LOD values were 1.07 and 0.32 mg/mL, respectively.
Precision data, expressed as RSD (%), were within the acceptance criteria of 5.0% (0.9 and 1.2% for intra-day and interday analyses, respectively) (13) . Amounts of NMP found on three different days were equivalent ( p . 0.05) and the percentages obtained in comparison with theoretical values were 99.8 for intra-day and 99.3 for inter-day analyses.
The results of the accuracy (Table III) were expressed as the percentage of NMP found. According to the Student's t-test, no significant difference was found between the results obtained through the compared methods ( p . 0.05) and the values were within acceptable ranges (100.0 + 2.0%) (13) .
The content of NMP determined through small and deliberate variations of the critical parameters proved the robustness of the method. For wavelength and oven temperature, the percentage of the drug was within 98.6 and 101.2%, and 99.8 and 99.9%, respectively. The quantitation performed in the Perkin Elmer column achieved a content of 99.8%. Figure 2 shows the typical chromatograms of the degradation products formed under a variety of stress conditions. No Zero-order overlap was observed among the peaks of NMP and impurities, which verifies the specificity of the procedure. NMP degradation was obtained through two major pathways, via alkaline/ acidic hydrolysis and photolysis. No degradation was observed under thermal and oxidative stress conditions. The kinetics of NMP degradation were calculated as a function of the decrease in drug concentration. The plots of concentration, log of concentration and reciprocal of concentration versus time allowed the determination of the reaction order through the analysis of the correlation coefficients. The kinetic data for NMP photodegradation (Table IV) indicate that only the photodegradation in methanol followed a first-order reaction (r ¼ 0.9964), whereas zero-order kinetics were found for photodegradation in water and acetonitrile (r ¼ 0.9815 and r ¼ 0.9974, respectively). Figure 3 shows the linear relationship between the log percentage of remaining drug concentration against time for alkaline and acidic conditions, indicating a first-order reaction. Through this plot, it is possible to observe that the drug degradation followed a direct relationship with increasing temperature. Also, the temperature more drastically affected the acidic conditions, in which 50.0% of degradation was noticed in a period of less than 1 h, at 90.08C. For alkaline hydrolysis, there was only a slight increase in NMP degradation when the temperature increased from 80.0 to 90.08C.
The kinetic data for acidic and alkaline hydrolysis are shown in Table V . E a values of approximately 10 -30 kcal/mol are generally observed for degradation of drug substances (18) .
Discussion
Stress studies are required and recommended by regulatory agencies to generate degraded samples applied to the development and validation of a stability-indicating method (19) (20) (21) . However, the development of a method able to simultaneously determine different compounds implies great difficulties, especially when structural similarity and small changes in polarity are observed.
To separate NMP and degradation products generated under stress conditions, different mobile phases, flow rates and column temperatures were tested and adjusted to obtain the shortest run time in which the compounds would be separated with adequate resolution. For NMP degraded samples, the challenge was to develop a discriminating system among the drug and the two compounds eluted immediately after, obtained through hydrolysis and photolysis. This is probably attributable to structure resemblance, because these compounds presented similar retention times.
Several mobile phases were tested, varying proportions of methanol, acetonitrile and water. Acetonitrile improved the retention time and symmetry of the peaks; however, the acceptable resolution was only achieved when methanol and water were added in minor proportions. The flow rate played an important role in separation between drug and products, and good resolution was achieved at 0.5 mL/min. In this way, although the run time was relatively extended, the low flow rate guaranteed savings in solvent consumption. The increase in oven temperature to a maximum of 40.08C also improved the separation.
The literature reports a stability-indicating LC method for determination of NMP and its pharmacopoeial impurities using a mobile phase composed of acetonitrile-water (67.5:32.5, v/v), at 0.9 mL/min,40.08C on a C8 analytical column (5 mm particle size, 250 Â 4.6 mm i.d.) (11) . However, the current method offered advantages of being developed with a wide variety of degraded compounds, which increases the specificity while maintaining good resolution on calculating the system suitability. NMP was demonstrated to be labile under both hydrolytic conditions and photolysis. The order reactions indicate that in both hydrolysis and photolysis in methanol, the degradation depends on the concentration of the reagents, whereas photolysis in acetonitrile and water is independent of this factor. Also, the calculated E a values found for NMP hydrolysis show a higher stability of the drug against acidic than alkaline conditions. Figure 2 shows the drug's interesting behavior when submitted to photodegradation in different solvents. The most drastic condition was obtained with the methanolic solution, generating one major peak in the presence of the other two in minor proportions. The peak with similar retention time was observed in acetonitrile solutions. However, this condition was less drastic; 50.0% of the drug remained after 7.8 h, in comparison with a period of 1.9 h for the methanolic solution. On the other hand, when NMP was submitted to photodegradation in water, it was observed that six different peaks were obtained, including that generated in major proportions in methanol and acetonitrile. Mielcarek and Matloka (22) also investigated the photostability of NMP in methanolic solutions through a LC method. However, three different products were obtained and the degradation was much more severe, and 9.1 min was the time in which 50.0% of the drug degraded.
In acidic hydrolysis, six major peaks were obtained, whereas in alkaline degradation four major peaks were obtained. Although both chromatograms are related to hydrolytic conditions, only one peak is common between them. This peak, which was eluted just after the drug, at 21.4 min, could easily be confused with the major photolysis peak if the method was not sufficiently specific. However, the products formed under the evaluated forced conditions were not yet identified.
Conclusions
NMP was submitted to different stress conditions and was demonstrated to be labile under alkaline/acidic hydrolysis and photolysis. The kinetics under these conditions were determined to following a first-order reaction for both hydrolysis and photolysis in methanol, whereas photodegradation in acetonitrile and water presented zero-order kinetics. No degradation was observed under thermal and oxidative stress conditions. The stability-indicating LC method was able to separate NMP from its degradation products, and it is considered to be specific, linear, precise, accurate and robust. 
